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ABSTRACT 

This thesis presents an introduction into holographic interferometry 
with its history and applications. Problems involved with recording, 
developing, and reconstructing real time holographic interferograms 
are presented. Reconstruction was accomplished using both a 
conventional camera and a movie camera. A flexible experimental 
arrangement was used which was applied to the problem of analyzing 
heat flow in a square enclosure. This problem was examined and 
some introductory information is presented. 
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I. INTRODUCTION 



Holography is the recording and reproduction of both the amplitude 
and phase information of the light emanating from a source. Thomas 
Young in 1802 used a single double-aperture experiment to demonstrate 
that light propagates as a wave and forms interference patterns. 

Wiener in 1890 set up a standing wave experiment and demonstrated 
that the interference pattern recorded on a photographic plate was 
caused by the electric field, with the magnetic field having no effect. 
Prior to holography, attempts were made to record both the phase 
and intensity data using stereo methods. Two photographs were 
taken of the same object from two different angles and encoded to 
enable the viewer to see one with the right eye and the other with 
the left. The eye tends to blend these two into a three-dimensional 
image, but accurate phase information is only possible if viewed 
from the camera's original position. Leppmann introduced integral 
photography to produce correct phase and intensity information from 
many positions using photographs taken from many "points of view. " 
This image appeared as if obscured by a screen. 

Dennis Gabor, considered the father of holography, used holography 
to obtain accurate phase and intensity information without the obscured 
screen or limited point of view effects. He made advances in 
holographic applications to electron optics in 1948 and 1949, although 
this and other early works were hampered by the lack of an intense 
coherent light source. With the invention of the laser, holography has 
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advanced exponentially. Leith and Upatnieks deserve credit for much 
of the laser holography done in the early 1960's. 

Advances in holography using the laser have created many practical 
uses. Works at The NASA Marshall Space Center have shown that 
three-dimensional movies can be made using a real-time three- 
dimensional motion picture camera. An argon laser of 5145^ and 
70mm film were used. A reflection hologram arrangement was used 
with the object slowly moving. Instead of recording on hologram 
plates, film was used at the rate of 10 frames per second. After 
processing and reilluminating, the movement can be observed. 

Hologram flying-spot storage has shown the practicality of optical 
storage in a computer memory cell. Erasable and reusable photo- 
conductor-photoplastic film enhances computer storage using holography. 
RCA Corp's Aerospace Systems Division has demonstrated the basic 
feasibility of storing two-dimensional maps on cassettes. These 
will provide aircraft crews with three-color displays of their 
location and route. Holography was considered because it gives 
improved resolution and physical characteristics over conventional 
film. Double exposure, real-time, and dual-hologram interferometry 
have industrial applications. AFSC's Aerospace Research Laboratories 
have shown dual-hologram interferometry using a dual-hologram 
holder to be very useful in wind-tunnel testing. Boundary layer studies 
are an off-shoot of this technique. Double- exposure interferometry 
is now required of industry by some government contracts in order 
to pinpoint defects. Real-time interferometry and some of its 
applications will be described in this paper. These examples of 
current holographic technology show the potential for applications 

which will solve practical problems. 
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II. NATURE OF THE PROBLEM 



Heat flow in a square box is difficult to analyze empirically. Using 
standard techniques, sensors can be located in and around the box to 
record temperature changes and flow rates. Initial, steady-state, 
and some transient phenomenon can be recorded. Sensors used for 
gathering data will inherently change the temperature and flow pattern. 
Holographic technology allows the analysis of the changing density 
fields inside the box without the need for sensors. Real-time 
holographic interferometry allows a continuous flow of information 
and a representation of the effects of non-symmetrical heat addition. 
This is shown in the heating of the bottom of a square box filled with 
distilled water. These techniques can also be used in other fluids 
and solids to produce realistic experimental setups for many testing 
requirements. 

Holographic interferometry has many advantages over classical 
interferometry. Classical methods could not be used on three- 
dimensional objects due to the complexity of data reduction. Also 
classical interferometry was impossible through imperfect or 
diffusing objects. High quality and expensive equipment with fine 
alignment was another requirement. Holography eliminated some 
of these problems by dividing a single coherent light source into an 
object and a reference beam. The quality of interferometry using 
double exposure holography no longer depended on high precision 
optics or test sections. For the purpose of this paper interferometry 
will be used in the holographic sense. 
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Three common types of holographic interferometry are single 
exposure, double exposure, and dual single exposure. All three 
methods are important and present distinct advantages and disadvantages 

Single exposure holography consists of recording the amplitude 
and phase information from an object on a hologram plate by using 
an object and a reference beam which originate from the same 
source (Figure 1). The plate is processed and replaced in the exact 
position in which it was recorded. When the plate is reilluminated 
by the reference beam the observer looking through the plate sees 
a virtual image of the original object at its original location (Figure 2). 
By reversing the reference beam or the plate, a real image of the 
object will be projected (Figure 3). Live fringe single exposure 
holography involves making a hologram of an object and superimposing 
the reconstructed virtual image on the still-illuminated object. If 
the original object is changed at all by the effect of temperature, 
pressure, strain, or motion, an exact superposition will create a 
cancellation or reinforcement of the wave intensities and a fringe 
pattern will be established. Bright fringes are located wherever 
the difference between the perturbed and the reconstructed wavefront 
is equal to 2 ttM where M is a real whole number. Problems arise 
in achieving exact replacement of the original hologram and in 
shrinkage of the emulsion which displaces the virtual image. If there 
is substantial relative motion between parts of the apparatus during 
replacement of the hologram the fringes are lost. 

Double-exposure interferometry involves exposing the hologram 
plate twice with the same object under two different conditions. This 
produces a locked-in fringe pattern in which each exposure is affected 
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equally by emulsion shrinkage or illumination differences. The 
re-alignment problem is eliminated, but only one perturbed state can 
be observed at a time. Fringes are sharper than in single exposure 
and therefore can produce more accurate results. 

Dual-hologram interferometry combines some of the advantages 
of the two previous methods. In this method, a finely adjustable 
holder is used in which two holographic plates are held. One is 
exposed at an original state and the other at some final state. Both 
are then developed together in order to eliminate emulsion differences. 
After processing, the plates are placed back in the holder and adjusted 
so as to produce the desired fringe patterns. 

Real time interferometry uses single-exposure techniques and 
can provide a time series with only one developed hologram required 
for each view. By exact replacement of the developed hologram, the 
fringes can be made more visible by varying the beamsplitter to 
increase the intensity of the reference beam. By finely adjusting 
the hologram, the fringes can be adjusted hortizontally or vertically 
as a reference. Changes in temperatures, pressure, or strain will 
cause the fringes to deform. Positioning of a camera in-line with 
the object on the opposite side of the hologram plate will permit data 
recording. By establishing an area in which the fringes remain 
constant, the density field can be reduced with the aid of a computer. 
This technique provides a real time analysis of a changing system 
without the need for expensive and time consuming sensors and 
calibration. Using high-speed recording film, a motion picture camera 
can replace the standard camera for a continuous data record. This 
method is limited by the time it takes to reduce the acquired data. 
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III. EXPERIMENTAL. PROCEDURE 



Flexibility was the major concern in the experimental arrangement. 
Holography constrains the setup by requiring the distances traveled 
by the reference beam and the object beam to be equal. The experi- 
ment was constucted on a table mounted on inner tubes for stability. 
Equipment was arranged on an ellipse with mirrors located at the 
minor axes, the beam splitter at one major axis, and the hologram 
holder at the other major axis. A beam deflector was used to orient 
the laser with respect to the beam splitter. Spatial filters were 
used to clean the beam and expand it. The test section and diffuser 
were placed between the object mirror and the hologram holder 
(Figure 7 & 8). 

Both the reference and scene beams should be in a single transverse 
mode. By fine alignment of the spatial filters, the laser beam can 
be focused and directed relatively free of noise with a pure transverse 
mode. In both the object and the reference beams an additional lens 
was required to expand the beam further. Originally diffuse glass 
was used as a diffuser screen but an improved grain pattern was 
required. The final diffusing screen consisted of a large piece of 
developed film mounted on plexiglass and secured in a rigid metal 
frame (Figure 4). 

Choice of the hologram holder is important in live fringe holography. 
Accuracy requires the reconstructed virtual image and the original 
object to be exactly matched. As the emulsion on the hologram dries 
after processing, the virtual image is displaced. This problem is 
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solved by using an inplace-developing hologram holder which maintains 
the hologram in an aqueous environment. Also the hologram is 
secured in a removable structure which remains attached during 
processing of the hologram and permits exact replacement. Two 
micrometers are used to finely adjust the hologram after replacement. 

The test section consisted of a four-inch square plexiglass box 
filled with distilled water. Heat transfer plates were located on the 
top and bottom and an air space surrounded the entire section. This 
air space was provided to enable a vacuum to be applied. The 
temperature differential did not affect this zone and the fringe lines 
remained constant and served as a reference for data reduction. A 
grid pattern was attached on the back to assist in alignment and data 
transfer (Figure 5). Two water circulators were connected to the 
heat plates. One had a reserve temperature of 25° C and the other of 
45° C. Through the use of valves, either or both could supply water 
to the heat plates (Figure 6). 

Once the system was aligned, the experimental procedure was 
relatively uncomplicated. Water at 25° C was circulated through 
both plates until equilibrium was reached in the distilled water in the 
box. A shutter was then placed in front of the laser beam and an 
Agfa-Gevaert Inc. 10E75 holographic recording plate was placed in 
the holder and exposed for one-half second (Figure 1). 

The plate was then removed, developed, and replaced in its exact 
position. Fringe lines appeared and their visibility was adjusted by 
varying the illumination by means of a variable beam splitter. Through 
fine adjustment of the micrometers, the fringe pattern could be 
rotated to a convenient position. Water at 45° C was then allowed 
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to flow into the bottom heat exchanger and photographs of the changing 
fringe patterns were made at regular intervals. 

Rigid apparatus was a major requirement. The hologram holder 
and the test section must be mounted on a solid base and rendered 
incapable of motion. If possible they should be physically attached 
and the base bolted to the table. Tubes carrying the heated water 
into the heat exchanger plates should be securely bound together and 
attached to the table. Vibration or motion of the test section will 
cause the fringes to disappear, or appear random. Also the laser, 
direction changer, spatial filters, and mirrors should be weighted 
down to make them immovable. All compressors, fans, and vibrating 
machinery in the building should be secured during the test. In one 
test a ventilation fan started up in the corner of the room and the 
fringe pattern was destroyed. 

Data recording was accomplished by positioning a camera in a 
direct line with the test section at an equal distance on the far side of 
the hologram plate. The virtual image beam and object beam were 
then focused on a film plane and recorded (Figure 2). High speed 
recording film was used since the helium-laser was of relatively 
low power. Complete reduction of a three-dimensional field would 
require that the test section be mounted on a separate platform and 
rotated to allow a hologram and a set of photographs to be taken 
every fifteen degrees through a ninety-degree scan. 



\ 



13 



IV. THEORETICAL RESULTS 



A. BASIC EQUATIONS AND VARIABLES 
1. Variables 
1= intensity 

L= wavelength of laser 
f= frequency of wave oscillation 
S= speed of light 
a= amplitude 
V= electric field vector 
e= complex amplitude 
w = phase function 
d= spacing between fringes 
v= resolution of hologram medium 
Nt= efficiency 
Te= exposure time 
P= power 
A= exposure area 
E Q = average energy 
E= energy 
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2. Basic Relationships 



Understanding holography requires an understanding of the 

basic holographic and photographic equations. The important 

relationship in photography is that intensity reduces to the square of 
\ 

the amplitude of a single light wave. The energy per unit volume 
can be stated: 

u= 1 /2 EV • V 

Taking the time average over 2T yields: 

/u/= 1/2 T sty u dt 
Substituting from above: 

/u/= 1/2E • 1/(2T) S+T y. y dt = 1/2 E/V* V / 

If one considers a single light beam, the intensity at a point is the 
time average of the energy per unit volume times the speed of light. 
Intensity may be defined as 

I' = S/ u / =1/2 SE/V* V/ 

Normally in photography the intensity is defined as 

I = 2/ V • V / 

By defining the electric field vector and substituting into the above 
equations for a period much greater then the inverse of the frequency, 
the intensity for single light beams becomes: 

V = a cos (2 ?rft + w) 

I = 2/2T (a- a /2) ( 1 + cos ( 4irft + 2w) dt 

I = a 2 

This is the basic photographic equation. 
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Holography records the interference of two wave fronts. 
Introducing the complex electric field vector leads to the solution 
of the basic hologram equation. This complex vector contains the 
temporal phase factor varying at the oscillation frequency. 

The complex electric field vector is 

V= a exp (iw) exp (27rift) 
where the complex amplitude vector is 

e= a exp ( iw ) . 

Again determining the intensity, one has 

I = a • a = e • e * 
which upon substitution yields 

1= a.j *a^ + a . 2 + *^2 (ExP (i (W 2 - w^)) +ExP (-i (w 2 ~w^))) 

1= Ij + Ig + 2 * a 2 cos (w 2 - w^). 

This final equation is the basic hologram equation which relates 
intensity, amplitude and phase for two interfering waves. 

Interference fringe paterns are produced on the hologram 
slide by interference of the two wavefronts. Each wavefront intensity 
remains the same, but the total intensity is a maximum when the 
cosine of the phase function difference is equal to one, and a 
minimum when it equals zero. The maximum contour surface is 

W2~w^ = 2 ttN , N= O, 1, 2, 3, 4, 
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